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Toxic cyanobacterial blooms are known to be a growing problem in many types of water 
bodies. Cyanobacteria are also known to affect zooplankton community structure. In this 
study, we assessed the possible impact of cyanobacterial blooms on zooplankton species 
composition. Altogether 20 locations on a geographical gradient were sampled in the 
Archipelago Sea in the northern Baltic during late summer 2003. We analyzed the data 
using multivariate methods and linear regression. The Mantel test of matrix correspond-
ence revealed a statistically significant relationship between zooplankton species compo-
sition and cyanobacterial composition in July. The regression analysis showed a strong 
negative relationship between the cyanobacterial and copepod abundances. No relation-
ship was found between cladocerans and cyanobacteria. A clear positive relationship was 
observed between rotifers and cyanobacteria. In conclusion, negative interactions may 
occur between certain zooplankton taxa and cyanobacteria in the Archipelago Sea, at least 
in midsummer. These interactions seemed to be associated with geographic zones within 
the archipelago.

Introduction

Toxic cyanobacterial blooms are known to be 
a growing problem in fresh and marine water 
bodies in several parts of the world. Toxic prod-
ucts of cyanobacteria have been causing human, 
livestock, wildlife and fish poisoning. Toxins 
of cyanobacteria are also known to affect pro-
foundly both zooplankton community structure 
(Hietala et al. 1995, Christoffersen 1996, Agraval 
et al. 2001) and secondary production (Gulati 
1990, Christoffersen 1996, Agraval et al. 2001).

The Baltic Sea suffers from periodic cyano-
bacterial blooms. The study of Sellner et al. 

(1994) indicated the growth rates of the two 
copepods (Eurytemora affinis and Acartia 
bifilosa), feeding on cyanobacteria, being sub-
stantially lower than copepods feeding on simi-
lar levels of good quality nutrition. Toxic cyano-
bacteria significantly reduced egg production in 
Eurytemora and Acartia. However, Reinikainen 
et al. (2002) found cyanobacterial toxins not to 
affect copepod egg survival.

Copepods are not the only animals affected 
by cyanobacteria. In their study of the water 
flea Daphnia pulex, Hietala et al. (1995) found 
that the most important life-history characters 
such as lifetime, clutch size, age and size at first 
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reproduction are all negatively affected by the 
presence of cyanobacteria. These results indi-
cate that recruitment could show bloom-induced 
shifts in zooplankton species composition.

However, little is known about the temporal 
and spatial differences in the interactions between 
cyanobacteria and zooplankton. In our study two 
macroecologic factors affecting the composition 
of the zooplankton community were examined 
in the Archipelago Sea, northern Baltic. The 
aim was to assess whether there is an interaction 
between cyanobacteria and zooplankton species 
composition, and if there are any differences in 
the possible interactions in space and time.

We set geographical location as a null 
hypothesis explaining the variation in zooplank-
ton species composition. Cyanobacterial species 
composition and hydrographic factors were set 
as alternative hypotheses.

Material and methods

Study area

The Archipelago Sea (AS) (Fig. 1) is divided 

into the outer- mid-, and inner zones (Jaatinen 
1960). The inner archipelago is characterised by 
having more land than water. The percentage of 
land decreases as one moves from the interior 
archipelago to the outer archipelago, where there 
is already a greater proportion of water area 
than land area. Therefore, the physical factors 
(e.g. temperature, salinity, turbulence, etc.) vary 
between the zones. The zooplankton community 
may also differ in structure in geographically 
distinct locations. There is some evidence for 
this on a larger-scale in the Gulf of Finland and 
northern Baltic Sea (Viitasalo et al. 1990, 1995, 
Viitasalo 1992, Flinkman et al. 1991).

Collecting the data

Altogether 57 zooplankton samples were col-
lected from 20 locations (Fig. 2) in the outer-, 
mid-, and interior northern Baltic archipelago on 
14 July, 2 August, and 3 September 2003. The 
samples were gathered from depths 25–0 meters 
using a 100 mm net and were stored in 250 ml 
bottles. Five millilitres of formalin was added to 
preserve the zooplankton.

Fig. 1. The study area in 
the AS indicating the divi-
sion into the outer (O), mid 
(M) and inner (I) archipel-
ago. The area is located 
on the south-east coast of 
Finland (60°N, 22°E).
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The following chemical and physical attributes 
of seawater were recorded at the sampling sites: 
ammonia, nitrate, phosphate, chlorophyll a, total 
phosphorus and total nitrogen concentrations, 
temperature and conductivity.

We analyzed the obtained samples with an 
Utermöhl reverse microscope using 5- and 10-ml 
cuvettes. Dense samples (having large quantities 
of animals and/or cyanobacteria) were diluted in 
order to make counting easier. All zooplankton 
species were counted. Individuals were mainly 
identified to genus level. With copepods, the nau-
plius, copepodite and adult stages were counted 
separately. The abundances counted in samples 
were extended to individuals per litre.

The cyanobacteria samples were collected 
and analyzed by a different group (J. Forsman, 
J. Ulenius, H. Seiko, E. Kosonen and J. Suomela 
unpubl. data). The samples were collected from 
the same sites as our plankton samples. The sam-
ples were analyzed using the same methods as 
we did. Cyanobacterial quantities were counted 
as the amount of 100 mm long filaments in sub-
samples, up to 200 filaments. Values of filaments 
per litre were used in the analysis.

Data analyses

Each month of the data was analyzed separately 
because plankton organisms have a clear tem-
poral distribution pattern. We constructed three 
sites ¥ species matrices, from the sampled zoo-
plankton data, with 24 columns (species) and 19 
rows (sites) each. These matrixes were used to 
calculate Bray and Curtis dissimilarity matrixes. 
This distance measure is particularly suitable for 
quantitative data (Legendre and Legendre 1998). 
This was done in order to model the resemblance 
between the sample sites by the means of com-
munity composition.

We also constructed two additional sets 
of data matrixes, for cyanobacteria and water 
chemistry. The same resemblance measure that 
was used for zooplankton was also applied for 
the cyanobacteria data (19 sites and 3 species for 
each matrix). An Euclidian distance coefficient 
was calculated for the geographical coordinates 
of the sample sites. The same coefficient was 
also used for the data considering water chem-
istry (each matrix having 19 sites and 8 descrip-
tors). Euclidean distance is suitable for data, 

Fig. 2. The sample collec-
tion points in the AS. Other 
notations as in Fig. 1.
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where zero values are not treated the same way 
as other values (as with species absence).

We applied the Mantel test to see if there was a 
correlation between the different distance matrixes 
(Legendre and Legendre 1998). In a simple Mantel 
test two matrixes are compared. First a Pearson 
correlation is calculated between the matrixes and 
after this, the other matrix is shuffled several times 
(a default procedure shuffles the matrix 999 times) 
and the correlation is recalculated each time. This 
is done in order to construct a distribution of corre-
lation coefficients. The original coefficient is then 
compared with this distribution in order to deter-
mine its statistical significance. The Mantel statis-
tics were calculated for pairs formed by zooplank-
ton matrix and cyanobacteria matrix, zooplankton 
matrix and water chemistry matrix and zooplank-
ton matrix and geographical distance matrix. These 
tests provided a global significance for the relation-
ships between the analyzed datasets.

As a result of these analyses we selected the 
data containing zooplankton and cyanobacterial 
numbers in July for further analysis. First a simple 
rank correlation test was conducted to rule out 
non-related pairs of variables. As a result, we 
selected the most abundant zooplankters along 
with the two most abundant cyanobacteria. Among 
the zooplankton species we chose the adults and 
nauplii of Acartia and Eurytemora of the copep-
ods and Synchaeta and Keratella of the rotifers. 
Also the combined numbers of the three func-
tional groups of zooplankton (copepods, cladocer-
ans and rotifers) were selected. Aphanizomenon 
and Anabaena were chosen of the cyanobacteria. 
All selected variables were transformed using a 
natural logarithm in order to make them distribute 
more normally. The relationships between these 
selected zooplankton taxa and cyanobacteria were 
tested with simple regression analyses.

The JMP 3.2.1 (SAS systems) statistical soft-
ware and Le Progiciel R 4.0 multivariate soft-
ware (Legendre and Vaudor 1991) were used in 
the analysis.

Results

In all, we found 24 species of copepods, rotif-
ers, cladocerans and other sea invertebrates in 
the samples (Table 1). The sampled species dif-Ta
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fered greatly in abundance, rotifers being most 
abundant and cladocerans least abundant of the 

biggest groups of zooplankton. We also observed 
significant variation in zooplankton numbers 
between different sample sites and different sam-
pling months.

The Mantel test revealed a positive corre-
lation between the distance matrixes of zoo-
plankton species and cyanobacteria in July and 
zooplankton species and geographical distance 
in August. We observed no correlation between 
these matrixes in September. There was also no 
globally significant correlation between the dis-
tance matrixes of zooplankton and water chem-
istry during any of the analyzed months (Table 
2; means and standard deviations in different 
months for the cyanobacteria taxa are given in 
Table 3, and for the hydrographic variables in 
Table 4).

We applied one-way ANOVA to find out if 
the observed geographical segregation in August 
was caused by one or several hydrographic fac-

Table. 4. Mean and standard deviation values for the measured water chemistry variables in different months. n = 
19 for all months.

 July August September
   
 Mean S.D. Mean S.D. Mean S.D.

NH4+ (µg l–1) 3.95 4.92 4.22 5.00 2.66 2.43
PO4

3– (µg l–1) 3.21 2.50 1.92 1.57 3.16 2.48
Chlorophyll a (µg l–1) 0.04 0.17 1.06 1.52 0.00 0.00
Total P (µg l–1) 18.64 3.75 19.96 4.82 18.34 4.23
Total N (µg l–1) 321.32 38.62 357.11 52.71 314.74 24.97
Temperature (°C) 17.67 2.52 20.21 2.62 14.83 0.92
NO2

– (µg l–1) 3.86 1.28 3.18 0.42 4.46 3.51
Conductivity (µS) 750.00 461.80 748.68 475.00 796.32 489.38

Table 2. Statistical details for the Mantel test between 
zooplankton community composition and three other 
datasets in three summer months. r refers to Pearson 
correlation coefficient. Statistical significance was esti-
mated using 999 permutations.

Month Explanatory dataset Mantel statistics
 
 r p

July cyanobacteria 0.192 0.035
 geodistance 0.155 0.069
 water chemistry 0.099 ns
August cyanobacteria 0.052 ns
 geodistance 0.379 0.001
 water chemistry 0.095 ns
September cyanobacteria 0.172 0.064
 geodistance 0.047 ns
 water chemistry 0.212 ns

Table 3. Mean biomass (mg l–1) and standard deviation for three cyanobacteria genera during three summer 
months in the inner, middle, and outer zone of the Northern Baltic Sea archipelago.

Zone Month Aphanizomenon Anabaena Nodularia
    
 Mean S.D. Mean S.D. Mean S.D.

Inner July 28045.8 49057.7 26438.3 58095.2  
 August 264247.0 376458.4 7390.9 4453.4 373.5 315.9
 September 116250.7 206324.2 2161.1 3941.0 364.9 774.6
Middle July 15613.7 14431.0 11386.9 12494.5  
 August 76513.4 43263.0 20100.8 16460.8 3509.4 2969.9
 September 29806.4 28865.2 1752.2 1140.5 530.2 810.3
Outer July 306788.8 280918.6 126613.5 103305.4 893.7 1293.2
 August 36280.9 11883.7 16292.9 12672.4 2023.5 1926.9
 September 39870.0 15523.2 10480.4 11808.3 1324.6 1295.3
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tors. These analyses revealed mean seawater 
ammonium concentration to be significantly 
greater in the inner zone (df = 2, SS = 161.66, 
F = 4.48, p = 0.027, R2 = 0.36), as compared 
with that in the other zones. Moreover, during 
the whole study period, seawater phosphate con-
centration was significantly lowest in the outer 
zone (df = 2, SS = 41.21, F = 4.51, p = 0.016, 
R2 = 0.14). The same applied also to ammonium 
concentration (df = 2, SS = 286.43, F = 10.56, p 
= 0.0001, R2 = 0.28).

Although the Mantel correlation between 
geographic location and zooplankton community 
was not globally significant, individual groups 
did differ in abundance between the archipelagic 
zones (Table 5). On a logarithmic scale, cope-
pods were least abundant in the outer zone. In 
contrast, rotifers were most abundant in the outer 
zone. Acartia adults had a similar pattern to that 
of all copepods and Synchaeta to that of all rotif-
ers. Moreover, abundances of Aphanizomenon 
( h2 = 9.49, df = 2, p = 0.009) and Anabaena ( h2 
= 7.89, df = 2, p = 0.019) differed also between 
the zones. Both cyanobacteria were most abun-
dant in the outer zone.

The regression analyses revealed a strong 
negative relationship between the cyanobacte-
rial, especially Aphanizomenon, and copepod 
abundances (Fig. 3). More specifically, Euryte-
mora copepods seemed to have a clear response 
to increasing Aphanizomenon abundance. Abun-
dances of Acartia adults had also a tendency to 
decrease with increasing Aphanizomenon abun-
dance, but this relationship was not significant. 
Similarly there was a non-significant negative 
trend in the total copepod abundance in rela-
tion to Anabaena. Contrary to copepods, rotifer 
seemed to have a positive relationship with Ana-
baena (Fig. 4). Apparently both Synchaeta and 
Keratella increased with increasing abundance 
of Anabaena. Moreover, Synchaeta seemed also 
to increase in abundance in relation to increasing 
abundance of Aphanizomenon.

Discussion

The primary aim of our research was to examine 
if the variation in cyanobacterial abundances 
could explain the variation observed in zooplank-

ton species composition over a geographical gra-
dient. The Mantle test proved the cyanobacterial 
abundances to explain the variation in zooplank-
ton abundances and distribution in July to some 
extent. Closer examination revealed a negative 
relationship between Aphanizomenon abundance 
and the abundance of Eurytemora copepods and 
combined copepod numbers on a logarithmic 
scale. Sellner et al. (1996) found Acartia and 
Eurytemora to have a reduced growth rate when 
grown in a solution with cyanobacterial toxins. 
Moreover, they found the fecundity of the cope-
pods to be reduced. Our results showed a decline 
in Eurytemora nauplii, which could indicate a 
decrease in fecundity due to cyanobacteria.

There is no record of toxic Aphanizomenon 
and Anabaena strains in the Baltic Sea. On the 
contrary, there is evidence of cyanobacteria being 
low quality food to copepods because of their 
protease inhibitors (Agraval et al. 2001). Cyano-
bacteria are known to increase in abundance 
on the expense of phytoplankton leaving little 
or no choice of nutrition for zooplankton. The 
fact that we observed a significant relationship 
between zooplankton and cyanobacteria only in 
July could be due to the very large cyanobac-
teric blooms in July (e.g. Kiirikki et al. 2001). 
Cyanobacterial abundances decreased from the 
middle of July to the beginning of August. Thus 
it is reasonable to consider that cyanobacterial 
abundances are high enough only in July to sup-
press zooplankton.

A positive relationship was observed between 
rotifers (mainly Synchaeta spp. and Keratella 
spp.) and Anabaena on a logarithmic scale. Syn-

Table 5. Statistical details for one-way ANOVA between 
the archipelagic zones and various zooplankton groups 
in July. n = 19, df = 2.

Group SS F R 2 p

Copepods 10.73 5.71 0.42 0.014
Cladocerans 0.83 0.40 0.07 0.68
Rotifers 11.92 5.11 0.41 0.02
Acartia adults 12.23 3.54 0.32 0.055
Eurytemora adults 5.27 2.55 0.25 0.11
Acartia nauplii 4.14 1.54 0.18 0.25
Eurytemora nauplii 3.52 2.27 0.23 0.14
Synchaeta 32.77 9.62 0.56 0.002
Keratella 10.86 3.31 0.31 0.065
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chaeta rotifers were also positively related with 
increasing Aphanizomenon abundance. Gilbert 
(1990) reported a similar result. He found high 
densities of rotifers to be associated with cyano-
bacterial blooms. Many studies have reported 
cyanobacteria being low quality and even toxic 
food to copepods and cladocerans (e.g. Sell-
ner et al. 1996, Gilbert 1990, Agraval et al. 
2001). According to Gilbert (1990), cyanobac-
teria prevent the suppression of rotifers by large 
cladocerans and thus lead to the dominance of 
rotifers. Our data did not conform to these stud-
ies considering cladocerans. We observed no 
significant relationship between cyanobacterial 
and cladoceran abundances.

In the brackish waters of the AS the dis-
tribution of many species is considered to be 
related to geographical zones (Hänninen et al. 
2000, Vahteri et al. 2000, Hänninen and Vuori-
nen 2001, Vuorinen et al. 2002, O’Brien et al. 
2003). We observe a globally significant correla-
tion between site location and zooplankton spe-
cies composition, although this only took place 
in August. Further analysis indicated seawater 
ammonium concentration to be responsible for 
the observed pattern. In fact, various zooplank-
ton groups did differ in their abundance between 
the archipelagic zones in July. For example, 
copepods were most abundant in the inner zone, 
and least abundant in the outer zone, rotifers 

Fig. 3. The abundances (individuals per litre) of selected zooplankton groups plotted against the abundance (the 
amount of 100 mm long filaments per litre) of Aphanizomenon. The data points represent different locations in the 
study area in July 2003. The order of the data points is in no relation to geographical location. 
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displaying an opposite pattern. Moreover, cyano-
bacteria were observed to be most abundant in 
the outer zone.

Seawater properties in the inner-, middle-, and 
outer zones remained relatively similar during 
the study period. However, the average seawater 
ammonium and phosphate concentrations were 
lower in the outer zone, as compared with those 
in the other zones. Blooms of nitrogen fixing 
cyanobacteria (e.g. Aphanizomenon and Ana-
baena) are controlled by phosphorus availability 
(Kononen et al. 1993). This does not however 
explain the fact that the greatest abundances of 
cyanobacteria were observed in the outer zone, 
where phosphate concentration was at its lowest. 
It is also possible that the cyanobacteria abun-

dances were influenced by a favourable N:P ratio 
(Kononen et al. 1996). However, such a relation-
ship was not evident in our data.

One reason for the zones being very similar 
in the means of hydrographic properties may be 
the fact that there has been no major seawater 
influx from the North Sea for thirty years, and 
thus the salinity in the Baltic Sea has remained 
uniform.

We conclude that negative interactions may 
occur between certain zooplankton taxa and 
cyanobacteria in the AS, at least in midsummer. 
These interactions seemed to be associated with 
geographic zones within the archipelago. Cope-
pods were most abundant in the inner zone and 
rotifers in the outer zone, which was related to 

Fig. 4. The total abundances (individuals per litre) of selected zooplankton groups plotted against the abundance 
(the amount of 100 mm long filaments per litre) of Anabaena. Notation as in Fig. 3. 
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an increasing abundance of cyanobacteria from 
the inner- to the outer zone. Furthermore, this 
trend was possibly related to a difference in sea-
water ammonium and phosphate concentrations 
between the archipelagic zones.

We interpreted the negative interaction 
between copepods and cyanobacteria to have 
been caused by the low palatability and nutri-
tional value of cyanobacterial filaments. Cyano-
bacteria may be more competitive in the low 
nitrogen conditions of the outer archipelagic 
zone, in relation to eucaryotic phytoplankton. 
This would leave copepods with little or no 
alternatives in their nutrition. As mentioned ear-
lier, the increase in rotifer numbers could have 
been due to cyanobacterial toxins reducing the 
number of cladocerans, the rotifer predators. 
However, this seems unlikely, as these toxins 
have not been found in the Baltic Sea.

There appears to be considerable variation 
in zooplankton species abundances between the 
summer months in the Baltic Sea. Due to this 
temporality, we recommend studying this system 
for several years to find out whether there is vari-
ation between years and whether the observed 
situation is repeating itself. Moreover, the cur-
rent hydrological conditions in the AS are very 
homogenous across a long geographical gradi-
ent. The salinity in the region and the whole 
Baltic Sea has not been lower in thirty years. If 
there is no salt influx to be expected from the 
North Sea, the species composition of the Baltic 
Sea could be expected to resemble inland waters 
even more.
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